The objective of this study was to investigate the e!ect of arteriolar vasomotion on oxygen transport from capillary networks. A computational model was used to calculate blood #ow and oxygen transport from a simulated network of striated muscle capillaries. For varying tissue oxygen consumption rates, the importance of the frequency and amplitude of vasomotion-induced blood #ow oscillations was studied. The e!ect of myoglobin on oxygen delivery during vasomotion was also examined. In the absence of myoglobin, it was found that when consumption is high enough to produce regions of hypoxia under steady #ow conditions, vasomotion-induced #ow oscillations can signi"cantly increase tissue oxygenation and decrease oxygen transport heterogeneity. The largest e!ect was seen for low-frequency, highamplitude oscillations (1.5}3 cycles min\, 90% of steady-state velocity). By contrast, at physiological tissue myoglobin concentrations, vasomotion did not improve tissue oxygenation. This unexpected "nding is due to the bu!ering e!ect of myoglobin, suggesting that in highly aerobic muscles short-term storage of oxygen is more important than the possibility of increasing transport through vasomotion.
Introduction
Ensuring optimal delivery of oxygen to all cells, given both local and systemic conditions, is one of the essential roles of the circulation, and in particular the microcirculation. A large number of studies have been done on steady-state delivery of oxygen by the microcirculation [see reviews by Popel (1989) and Pittman (1995) ]. However, in order to study in detail the dynamic regulation of oxygen delivery, time-dependent studies are needed. A recent theoretical work (Tsai & Intaglietta, 1993) has suggested that oscillations in microcirculatory #ow produced by periodic changes in arteriolar diameter (vasomotion) can have a signi"cant e!ect on tissue oxygenation. There is at present little direct experimental evidence that vasomotion increases oxygen transport to tissue, but it is known, for example, that systemic hypoxia produces marked changes in the frequency and amplitude of arteriolar vasomotion (Bertuglia et al., 1991) . Therefore, studying the role of vasomotion could be an important step towards understanding the full complexity of dynamic control of local oxygen delivery.
Another important characteristic of microcirculatory oxygen transport is the large amount of spatial heterogeneity that exists in microvascular geometry, blood #ow, and oxygen delivery.
This heterogeneity was not considered in the earliest quantitative studies of microvascular transport in striated muscle (Krogh, 1919) , but in the last two decades has received considerable attention (Popel et al., 1986; Ellsworth et al., 1988; Groebe, 1990; Secomb & Hsu, 1994; Hoofd & Turek, 1996; Goldman & Popel, 1999 . These studies and others, all on the steady-state case, have indicated that accurately representing microvascular oxygen transport requires including realistic spatial heterogeneity, particularly for the situations of interest in which the oxygen supply is relatively low. As a "rst step in studying time-dependent oxygen transport under conditions of realistic microcirculatory heterogeneity, we use a computational model to examine the e!ect of vasomotion-induced #ow oscillations on oxygen transport from a complex three-dimensional capillary network.
Vasomotor oscillations in arteriolar diameter have been observed in many tissues, and in several di!erent animal muscles their character has been found to be dependent on both vessel size and various experimental conditions (Ursino et al., 1998; Bertuglia et al., 1994 Bertuglia et al., , 1991 Boegehold, 1993; Bouskela & Grampp, 1992; Slaaf et al., 1987) . However, it has not been known whether vasomotion, taken here to mean sustained oscillations as opposed to a change from one constant diameter to another, serves some physiological function. It has been suggested on theoretical grounds (Secomb et al., 1989 ) that vasomotion could reduce average #ow resistance, increase oxygen transport to tissue, and help to maintain the #uid balance between tissue and blood vessels. In addition, simulations using a Krogh-type model (Tsai & Intaglietta, 1993) have indicated that vasomotion can enhance oxygen transport to hypoxic tissue. Motivated by the above theoretical studies, we extended our model of steady-state oxygen transport from capillary networks (Goldman & Popel, 1999 to study possible oxygen transport enhancement by vasomotion under realistic conditions. The capillary network model, based on the hamster cheek-pouch retractor muscle, and the steady-state forms of the hemodynamic and oxygen transport models are described in Goldman & Popel (2000) . The additions of an oscillatory #ow component and time-dependent oxygen transport, described below, are straightforward and rely on the same underlying numerical schemes used previously. Using the new time-dependent model, we studied oxygen transport from a simulated three-dimensional (3D) capillary network during periodic, vasomotion-induced #ow oscillations. We found oxygen transport enhancement similar to that found by Tsai & Intaglietta (1993) and determined its dependence on: (1) the frequency and amplitude of #ow oscillations, (2) the oxygen consumption rate of the tissue, and (3) the presence or absence of myoglobin (Mb) in the tissue. These results have been interpreted in terms of their physiological implications and relation to existing experimental data.
Mathematical Model

CAPILLARY NETWORK AND HEMODYNAMICS
A previously described computational model was extended and used to calculate blood #ow and oxygen transport in a simulated capillary network. We review the original model and describe the new elements; further details can be found in Goldman & Popel (2000) . The network was constructed using hexagonally packed muscle "bers and measured striated muscle parameters, derived mainly from hamster cheekpouch retractor muscle (Bennett et al., 1991; Ellsworth et al., 1988; Dong, 1997) . Both anastomotic cross-connections between parallel capillaries and parallel-vessel tortuosity are included, in order to match observed network structure and the amount of non-parallel capillary length found in moderately contracted skeletal muscle (18%, Mathieu-Costello et al., 1989) . The capillary network used is shown in Fig. 1 .
The network construction was based on a measured capillary density of &1400 mm\ (Ellsworth et al., 1988; Dong, 1997) . The network size (11 parallel capillaries) was consistent with that found experimentally for modules supplied by single arterioles (Berg & Sarelius, 1995) . After construction of the capillary network, the width and height of the tissue cross-section were set to the minimum needed to enclose the network, which resulted in a domain size of 98;92; 400 m (H;=;¸) and a capillary density of 1220 mm\. The overall blood #ow in each parallel capillary was in the positive z direction (concurrent), due to a uniform pressure di!erence between the arterial and venous ends. For steady-state #ow calculations, the arterio-venous pressure di!erence was "xed at 10 Torr to match the average velocity observed under resting conditions, approximately 100 m s\ (Ellsworth et al., 1988; Dong, 1997) . At the arteriolar end of all parallel capillaries the discharge (#ow-averaged) hematocrit (H " ) was set at 0.2 and oxyhemoglobin saturation (SO ) was set at 0.63 (Ellsworth et al., 1988) . The value used for H " corresponds to anemic conditions or to hemodilution with normal velocity, which was one of the cases studied by Tsai & Intaglietta (1993) . As described below, consumption was set at one, two, or three times resting (M "1.57;10\ ml O ml\ s\) in all oxygen transport calculations.
A two-phase continuum #ow model, based on the in vivo rheological model of Pries et al. (1994) , was used to calculate the steady-state distribution of total blood #ow, Q, and discharge hematocrit, H " , throughout the capillary network. The #ow model uses conservation equations for blood and erythrocyte volume #ow into each node j:
where each vessel segment ij is labeled by its end nodes and the sums are over all nodes i connected to node j. The #ow in segment ij is given by the pressure di!erence across the segment divided by the hydrodynamic resistance of the segment. The pressure}#ow relationship is given by
where¸and R are the length and radius of the vessel segment being considered and ? is the apparent viscosity of blood.
Included in the #ow model are both the dependence of apparent viscosity on hematocrit and vessel radius (Fahraeus}Lindqvist e!ect) and the nonlinear relationship between erythrocyte #ow distribution at vessel bifurcations and overall blood distribution (plasma skimming e!ect) (Pries et al., 1994; Goldman & Popel, 2000) . The required boundary conditions for the #ow calculations are the pressure at all exterior nodes and the discharge hematocrit in all in#ow segments. The inclusion of nonlinear rheological e!ects necessitates iterative solution of the steady-state #ow equations.
The e!ect of arteriolar vasomotion on blood #ow in the capillary network was modeled by a sinusoidal modulation of the velocity in all capillary segments. Since the Fahraeus} Lindqvist and plasma skimming e!ects are not velocity-dependent, the hematocrit distribution in the network is not a!ected by uniform velocity oscillations. Therefore, hematocrits remained "xed at steady-#ow values, while velocity in each segment i was given by
where vQ is the steady-state velocity. Amplitudes A"0.2, 0.5 and 0.9 were examined, along with oscillation frequencies f"12, 6, 3 and 1.5 cycles min\ (cpm), where the angular frequency "2 f.
OXYGEN TRANSPORT
The oxygen transport model (Goldman & Popel, 2000) included both bound and dissolved oxygen in the blood and an equilibrium-binding description of myoglobin-facilitated di!usion in the tissue. The muscle tissue VASOMOTION AND CAPILLARY OXYGEN DELIVERY itself was assumed to have uniform material properties and blood was assumed to be a continuous mixture of erythrocytes and plasma. Oxygen transport resistance due to the erythrocytes, plasma, capillary wall, interstitium, and the nonlinearity of the oxyhemoglobin saturation curve was included via theoretically calculated, hematocrit-dependent mass transfer coe$cients (Eggleton et al., 2000; Goldman & Popel, 2000) .
Oxygen transport in the blood vessels was described by a time-dependent equation for the capillary SO , S( , t):
where v @ is the mean blood velocity, the curvilinear coordinate along the axis of a given capillary, the circumferential coordinate about the local capillary axis, and R the capillary radius. Eqn (5) is derived from a pair of timedependent equations for plasma and erythrocyte oxygen content by assuming that plasma PO (O partial pressure) is equal to intraerythrocyte PO (cf. steady-state derivation of Goldman & Popel, 2000) . The blood oxygen tension is then given by the inverse of the Hill equation,
The oxygen #ux at a point ( , ) on the capillary/tissue interface is
where P U is the tissue PO at the capillary surface and k"k(H 2 ) is the mass transfer coe$cient (described above) used to model intravascular transport resistance. The boundary condition required for S is the SO in all inlet segments. The tube (volume-weighted) hematocrit, H 2 , is computed from H " using an established empirical relation (Pries et al., 1990) . The volume-and #ow-weighted blood oxygen solubilities in eqn (5) are given, respectively, by
where ACJJ and NJ are the oxygen solubilities inside the erythrocyte and in the plasma. The volume-and #ow-weighted oxygen binding capacities of blood are H 2 C &@ and H " C &@ , where C &@ is the binding capacity of hemoglobin. Transport in the tissue was described by the following time-dependent equation for the oxygen tension, P(x, y, z, t):
where and D are the tissue oxygen solubility and di!usivity, respectively, M(P) is the oxygen consumption, and c +@ , D +@ , and S +@ are the myoglobin concentration, di!usivity, and oxygen saturation. Michaelis}Menten consumption kinetics was assumed, M(P)"M P/(P#P A ), and myoglobin saturation was given by S +@ (P)"P/(P#P +@ ). At the capillary surface a #ux boundary condition on P is applied using eqn (6) and periodic boundary conditions are speci"ed on the outer tissue surfaces in the x and y directions. On the outer tissue surfaces in the z direction, where blood is #owing into or out of the computational domain, no-#ux boundary conditions are speci"ed.
To solve the transport equations, a previously validated (Goldman & Popel, 2000) "nitedi!erence-based numerical scheme was used. Solutions in the tissue and capillary spaces were advanced from an arbitrary initial condition until they became either exactly periodic (for vasomotion) or constant (for steady #ow). For comparison with the steady-#ow results, the tissue PO for each vasomotion case was averaged over one #ow cycle to obtain a mean spatial PO distribution. The biophysical parameters used in transport calculations, shown in Table 1 , are those of Goldman & Popel (2000) with the exception of Mb di!usivity, which was set at 6;10\ cm s\ based on the results of Wang et al. (1997) . This value for D +@ is somewhat higher than those found by Jurgens et al. (1994) and Papadopoulos et al. (2000) , but this di!erence is shown not to signi"cantly a!ect the results. Using the hemodynamic model described above, the steady-state blood #ow distribution was calculated in our simulated capillary network. The resulting histograms of blood velocity v @ and discharge hematocrit H " are shown in Fig. 2 . This blood #ow pattern was then used in eqns (4)}(8) to calculate both steady-state (for steady #ow) and periodic (for vasomotioninduced oscillatory #ow) tissue and capillary oxygen distributions. , in the absence of Mb, for steady #ow and for vasomotion cases A"0.9 and f"12, 6, 3, and 1.5 cpm: (**), steady; () } ) }), 12 cpm; (} } -), 6 cpm; (2 ᭺ *), 3 cpm; (* ) *), 1.5 cpm.
For resting consumption (M "M PCQR ) and the assumed convective oxygen delivery parameters (v ?TE "100 m s\, H "GL "0.2, S GL " 0.63), we investigated the e!ect of vasomotion on oxygen transport from the capillary network. As seen in cumulative distribution functions of tissue PO (Fig. 3) , vasomotion had little e!ect on tissue oxygen distributions, for any combination of frequency and amplitude, whether or not Mb was present.
Here and in what follows we compare the steady-state oxygen distributions for steady #ow and the time-averaged distributions for vasomotion-induced oscillatory #ow. For steady #ow with Mb present, the tissue oxygen distribution had a minimum PO of 15.1 Torr, a mean PO of 23.7 Torr, and a coe$cient of variation of PO (CV, standard deviation/mean) of 0.24. For vasomotion with Mb, the highest minimum PO was 15.7 Torr (for A"0.5, f"3 cpm) and the lowest CV(PO ) was 0.23 (for A"0.9, f"3 cpm), improvements of only 4 and 6%, respectively, over the steady-#ow case. Without Mb, the greatest improvements seen in tissue PO distributions, relative to the steady-#ow case, were a 0.5% increase in the minimum and a 5.1% decrease in the CV, both for A"0.9, f"6 cpm. Therefore, it was found that when the tissue is well-oxygenated vasomotion does not signi"cantly enhance O transport.
Vasomotion E4ect on Hypoxic Tissue
MYOGLOBIN-FREE CASE
To examine the e!ect of vasomotion on oxygen delivery when there are hypoxic tissue regions, we increased consumption to two times its resting value, M "2M PCQR . We "rst present results obtained assuming there is no Mb present in the tissue. When blood #ow oscillates due to vasomotion, there is now a signi"cant enhancement of oxygen transport, compared to the steady-#ow case. This can be seen in cumulative distribution functions of tissue PO , shown in Fig. 4 for steady #ow and for vasomotion with A"0.9 and f"12, 6, 3 and 1.5 cpm.
For 1.5 and 3 cpm, vasomotion signi"cantly improves tissue oxygen delivery, while for 6 cpm, the improvement is modest. For 12 cpm, vasomotion has little or no e!ect on tissue-oxygen distributions. This suggests that the lowest vasomotion frequencies observed experimentally, 1}4 cpm, could have a considerable e!ect on tissue oxygenation, while the higher frequencies (10}20 cpm) probably do not. These results are somewhat di!erent from those seen in the simulations of Tsai & Intaglietta (1993) , where signi"cant transport enhancement was found for 10 cpm but not for 20 cpm. Fluctuations in tissue PO that may be due to vasomotion have been observed in the range 3}10 cpm (Braun et al., 1992; Hasibeder et al., 1994; Hudetz et al., 1998) . For f"3 cpm, the e!ect of vasomotion amplitude is shown in Fig. 5 . We see that very small amplitude velocity oscillations (A"0.2) barely change tissue oxygen distributions, but that transport enhancement is noticeable for moderate amplitude (A"0.5) and increases with amplitude in agreement with the "ndings of Tsai & Intaglietta (1993) .
We now quantify the observed enhancement of oxygen delivery. A summary of our results for M "2M PCQR is given in Table 2 . Figure 6 shows the change in the hypoxic tissue fraction (PO (1 Torr), mean PO , and CV(PO ) for four di!erent vasomotion cases, relative to the steady-#ow case. Included in Fig. 6 are results for A"0.9, f"3 cpm when M"3 M PCQR . In this case, the enhancement of tissue oxygenation is signi"cant ( &27% reduction in hypoxia), but consumption is so high relative to supply that the hypoxic tissue fraction remains large ( &30%). From these results it is concluded that for su$-ciently high amplitudes and low frequencies (both within the physiological range), vasomotion-induced #ow oscillations decrease both tissue hypoxia and overall oxygen delivery heterogeneity. The mechanism is a periodic turning-on of consumption in tissue that would be hypoxic for steady #ow, thereby allowing oxygen to be drawn in and consumed during part of the #ow cycle. The re-oxygenation that causes previously hypoxic tissue to begin consuming O is due to the large PO gradients produced near hypoxic tissue when convective O supply is temporarily much higher than would occur under steady-state conditions. The change in spatial is shown for steady #ow and four vasomotion cases (A"0.9 and f"12, 6, 3 and 1.5 cpm). The spatial averaging is done in x}y planes, where the overall blood #ow is in the z direction.
FIG. 8. E!ect of vasomotion on oxygen transport in the presence of Mb. Shown are cumulative distribution functions of tissue PO for steady #ow and for vasomotion cases A"0.9 and f"6, 3, and 1.5 cpm: (**), steady; () } ) }), 6 cpm; (} } -), 3 cpm, (*"*), 1.5 cpm.
oxygen distributions caused by vasomotion, in particular the decreased hypoxia at the venular end of the tissue domain, can be seen in longitudinal plots of cross-sectionally averaged PO , shown in Fig. 7 .
EFFECT OF MYOGOBIN
We have seen that in the absence of Mb, vasomotion-induced #ow oscillations can signi"-cantly reduce tissue hypoxia. However, in the muscle studied as in many striated and especially cardiac muscle, there is known to be a substantial amount of Mb. Since Mb is thought to play a signi"cant role when the supply of oxygen is limited, it is important to study the possible e!ects of vasomotion on oxygen transport when a physiological amount of Mb is present. For M "2M PCQR , we have examined the e!ect of vasomotion on oxygen transport when there is Mb in the tissue. Fig. 8 shows the cumulative distribution functions of tissue PO for steady #ow and for vasomotion with A"0.9 and f"12, 6, 3 and 1.5 cpm. It can be seen that there is very little di!erence among the "ve cases, indicating that in the presence of Mb vasomotion does not alter average tissue PO distributions. This conclusion is supported by the fact that the CVs of tissue PO are identical (0.80) for steady #ow and vasomotion with f"3 cpm, and the minimum tissue PO 's di!er only slightly (0.09 Torr for steady #ow vs. 0.08).
The negative e!ect that Mb has on oxygen transport enhancement due to vasomotion is somewhat unexpected. It might be thought that Mb enhances transport so much by itself that FIG. 9 . Disappearance of the Mb bu!ering e!ect at very low frequency. Shown when Mb is present in the tissue are the cumulative distribution functions of tissue PO for steady #ow and for vasomotion (A"0.9) with f"1.5 and 0.75 cpm. Also shown for comparison is the Mb-free result for f"1.5 cpm: (**), steady; (} } -), 1.5 cpm; () } ) }), 0.75 cpm; (2 ᭺ *), 1.5 cpm, no Mb. vasomotion can do nothing further; however, a comparison of steady #ow results with and without Mb (see Table 2 ) shows that Mb has only a slight e!ect under the hypoxic conditions studied. Our simulations imply that it is the bu!ering e!ect of Mb that decreases the vasomotioninduced enhancement of oxygen transport. Thus, while vasomotion may function to enhance oxygen transport in tissues lacking Mb, for highly aerobic muscles (such as the heart) the possible bene"ts of vasomotion seem to be outweighed by the need for local storage of oxygen in the event of a sudden change in supply or demand.
The bu!ering e!ect of Mb can be explained by considering a tissue region in which the PO is low enough that Mb is signi"cantly desaturated. If PO suddenly rises in a neighboring region, the additional in#ux of O will initially bind to Mb instead of di!using through to other hypoxic regions. Thus, Mb acts to decrease the spread of PO oscillations into hypoxic tissue. Further support of the present results can be found by considering the characteristic time-scale for Mb damping of PO oscillations. As pointed out by a reviewer, this time-scale can be expressed as c +@ /M , which for M "2M PCQR equals 32.5 s. Therefore, for #ow oscillations having a period signi"cantly longer than &30 s the bu!ering e!ect of Mb should disappear. Simulations of vasomotion with f"1/80 s"0.75 cpm (see Fig. 9 ) con"rm that for very low-frequencies transport enhancement due to vasomotion is signi"cant even when Mb is present.
Although a somewhat high value of D +@ was used in the present study, we do not believe this signi"cantly a!ects our results, in particular, the decrease in oxygen transport enhancement due to vasomotion. This can be seen by comparing the PO statistics for steady #ow and vasomotion (A"0.9, f"3 cpm) when D +@ "1.7;10\ cm s\, shown at the bottom of 
Discussion
Using a computational model, we have studied oxygen transport from a capillary network during vasomotion-induced blood #ow oscillations. For well-oxygenated tissue, vasomotion produced little change in the (time-averaged) tissueoxygen distribution, compared to steady #ow. On the other hand, for tissue containing hypoxic regions, low-frequency/high-amplitude blood #ow oscillations signi"cantly decreased both tissue hypoxia and PO heterogeneity, on average. This transport enhancement was found when Mb was not present in the tissue, but essentially disappeared when a physiological amount of Mb was included, due to myoglobin's role in bu!ering the local oxygen supply.
Our results are based on striated muscle, however we feel they should also apply to other tissues in which vasomotion-induced #ow oscillations occur when the convective supply of oxygen is relatively low. In particular, many tissues of interest do not contain Mb and therefore the present results imply that vasomotion can signi"-cantly decrease oxygen transport heterogeneity. We chose to model a relative decrease in the supply of oxygen by an increase in consumption. This case is of relevance physiologically and we VASOMOTION AND CAPILLARY OXYGEN DELIVERY feel it should be representative of the e!ect of vasomotion in other situations, such as when arteriolar SO and/or hematocrit decrease below the assumed values.
Two very recent studies generally support our result that vasomotion enhances O transport to tissue. In the rat testicular microcirculation, Lysiak et al. (2000) simultaneously measured blood #ow and PO oscillations and found both to have a frequency of &12 cpm and amplitude of &25% under control conditions. Following a temporary #ow stoppage via torsion, oscillations in blood #ow and PO did not resume for several days, and this was believed to be responsible for a loss of spermatogenesis. The study of Lysiak et al. (2000) suggests that in certain tissues the blood supply is critical under normal conditions and vasomotion is needed to ensure su$-cient O delivery. On the other hand, the study of Rucker et al. (2000) suggests that in most tissues vasomotion is important for O delivery only when local perfusion is abnormally low. By reducing blood #ow to the rat hindlimb and using a calcium channel blocker to modulate the resulting vasomotion ( f+2 cpm), Rucker et al. (2000) showed that capillary blood #ow oscillation (#ow motion) was directly related to arteriolar vasomotion, as assumed in the present study. They also showed that under imposed critical #ow conditions vasomotion in two skeletal muscles (gracilis and semitendinosus) had little e!ect on their oxygenation but signi"cantly improved the oxygenation of adjacent tissues such as skin and periosteum. This is partly explained by vasomotion-induced #ow redistribution from muscle to surrounding tissue, but is also consistent with preferential transport enhancement in Mb-free tissues as opposed to aerobic muscle. Further experimental studies such as these are needed to con"rm the present "ndings and guide future modeling work.
A "nal aspect to note about our model is the restriction of vasomotion e!ects to #ow oscillations in a single capillary network. Oxygen transport e!ects on a larger spatial scale, which may be expected physiologically, were not investigated due to present theoretical as well as computational limitations. However, we feel this subject is worthy of future study, particularly once more detailed experiment-based models of local #ow control mechanisms and their spatial structure have been developed.
